The relationship between the magmatism of the Cretaceous Ofuku pluton and mineralization in and around the Akiyoshi Plateau, Yamaguchi Prefecture, Japan was investigated using a combination of field observation, petrographic and geochemical analyses, K-Ar geochronology, and fluid inclusion data. The Ofuku pluton has a surface area of 1.5 × 1.0 km, and was intruded into the Paleozoic accretionary complexes of the Akiyoshi Limestone, Ota Group and Tsunemori Formation in the western part of the Akiyoshi Plateau. The pluton belongs to the ilmenite-series and is zoned, consisting mainly of early tonalite and granodiorite that share a gradational contact, and later granite and aplite that intruded the tonalite and granodiorite. Harker diagrams show that the Ofuku pluton has intermediate to silicic compositions ranging from 60.4 to 77.9 wt.% SiO 2 , but a compositional gap exists between 70.5 to 73.4 wt.% SiO 2 (anhydrous basis). Modal and chemical variations indicate that the assumed parental magma is tonalitic. Quantitative models of fractional crystallization based on mass balance calculations and the Rayleigh fractionation model using major and trace element data for all crystalline phases indicate that magmatic fractionation was controlled mainly by crystal fractionation of plagioclase, hornblende, clinopyroxene and orthopyroxene at the early stage, and quartz, plagioclase, biotite, hornblende, apatite, ilmenite and zircon at the later stage. The residual melt extracted from the granodiorite mush was subsequently intruded into the northern and western parts of the Ofuku pluton as melt lens to form the granite and aplite. The age of the pluton was estimated at 99-97 Ma and 101-98 Ma based on K-Ar dating of hornblende and biotite, respectively. Both ages are consistent within analytical error, indicating that the Ofuku pluton and the associated Yamato mine belong to the Tungsten Province of the San-yo Belt, which is genetically related to the ilmenite-series granitoids of the Kanmon to Shunan stages. The aplite contains Cl-rich apatite and REE-rich monazite-(Ce), allanite-(Ce), xenotime and bastnäsite-(Ce), indicating that the residual melt was rich in halogens and REEs. The tonalite-granodiorite of the Ofuku pluton contains many three-phase fluid inclusions, along with daughter minerals such as NaCl and KCl, and vapor/ liquid (V/L) volume ratios range from 0.2 to 0.9, suggesting that the fluid was boiling. In contrast, the granite and aplite contain low salinity two-phase inclusions with low V/L ratios. The granodiorite occupies a large part of the pluton, and the inclusions with various V/L ratios with chloride daughter minerals suggest the boiling bs_bs_banner fluids might be related to the mineralization. This fluid could have carried base metals such as Cu and Zn, forming Cu ore deposits in and around the Ofuku pluton. The occurrence and composition of fluid inclusions in the igneous rocks from the Akiyoshi Plateau are directly linked to Cu mineralization in the area, demonstrating that fluid inclusions are useful indicators of mineralization.
Introduction
Many mines and metal deposits occur in and around the Akiyoshi Plateau, which is located in central Yamaguchi Prefecture in Southwest Japan. These include the Naganobori, Kitabira, Yamato, Fukurei, Sanjo, Aokage, and Oda mines (Fig. 1) . These deposits are found mainly in Paleozoic accretionary complexes comprising the Akiyoshi Limestone Group, which makes up the Akiyoshi Plateau, and were generated by the intrusion of Cretaceous granite into the limestone (Kato, 1913 (Kato, , 1916 Ogura, 1921a Ogura, , 1921b Suzuki, 1932; Kato, 1937; Ikeda, 1995; Watanabe, 2009 ). Since the Cretaceous magmatism extensively affected the Akiyoshi Plateau (the largest limestone plateau in Japan), undiscovered deposits may exist at the contacts between the limestones and the granites. Nakano and Ishihara (2003) analyzed the oxygen and carbon isotopes, and trace element concentrations in the limestone of the Akiyoshi Limestone Group. They found that Fe, Mn, Zn, and Pb were concentrated by fluids originating in the magma in areas with low oxygen isotope ratios. They also reported that oxygen isotope ratios were a useful tool for determining the distribution of igneous rocks, and for detecting potential deposits in the Akiyoshi Plateau. The study of fluid inclusions is important for exploration and can be used to determine the temperatures and chemical compositions of the fluids that form ore deposits (Roedder, 1977 (Roedder, , 1984 Wilkinson, 2001; Sawaki, 2003) . Although dikes are often overlooked or ignored because they are small in size , porphyritic dikes are also important indicators for exploration, as they often contribute to the formation of deposits. Sasaki et al. (2014) conducted a preliminary study of small dikes and stockwork veins in the Akiyoshi Limestone, and showed that data from the fluid inclusions was consistent with potential score (the degree of interaction Fig. 1 Geological map of the Akiyoshi Plateau and surrounding area. Modified from Ota (1976). between the limestone and hydrothermal fluid) of Nakano and Ishihara (2003) .
In the Ofuku region, the geology and mineral occurrences from ore deposits in Mine City, west of the Akiyoshi Plateau, have been studied at the Yamato, Fukurei, and Yamagami mines (Kato, 1913; Suzuki, 1932; Ueno & Doi, 1956; Sekine, 1958; Miyake & Akatsuka, 1963; Murakami et al., 1971; Shibuya, 1975; Ohnishi et al., 2007; Shirose & Uehara, 2011; Nishida, 2012) . However, the pluton (the Ofuku pluton in this paper) has not yet been studied in detail, even though it also contributed to the formation of the deposit. Our present study investigates the geology, petrography, K-Ar age, whole-rock chemistry, mineralogy, and fluid inclusion composition of the Ofuku pluton, and explores the relationship between the pluton and nearby mineralization.
Geological setting and description of the mines
The Akiyoshi Limestone Group, the Ota Group, and the Tsunemori Formation of the Permian accretionary complex are mainly found in and around the Akiyoshi Plateau, with the Triassic Mine Group located in the northwest, the Early Cretaceous Kanmon Group in the north, and the Late Cretaceous Abu Group in the northeast (Fig. 1) . Small Cretaceous igneous intrusions are also present within the Akiyoshi Limestone Group (Ota, 1976; Sasaki et al., 2014) .
The Akiyoshi Limestone Group is composed of Carboniferous to Permian basalts (green rocks) overlain by shallow-water limestones (Ota, 1976) . The green rocks have a narrow distribution to the east of Ueyama, through the southwest of Naganobori, to Akiyoshi, whereas the overlying limestone is widespread throughout the Akiyoshi Plateau (Fig. 1) . The igneous intrusions resulted in contact metamorphism to the limestone in Naganobori and Ofuku, producing marble (Figs 1, 2) . reviewed the petrography, stratigraphy, age, geological structure, origin, tectonic setting, and evolutionary history of the Akiyoshi Limestone Group, and his work provides a good overview of the group. The Ota Group, located in the southeast and south of Oda, around Akiyoshi, and the northwest of the study area, consists mainly of chert, sandstone, and mudstone. The Tsunemori Formation is located in the southwest of the study area, and consists of Permian mudstones and limestones (Figs 1, 2) .
The Cretaceous igneous rocks intrude the Akiyoshi Limestone Group as dikes or stockwork veins. In Ofuku, Mine City, at the western margin of the Akiyoshi Plateau, a small part of the Ofuku pluton, with a surface area of approximately 1.5 km (northsouth) × 1.0 km (east-west), intrudes the Akiyoshi Limestone Group, the Ota Group, and the Tsunemori Formation (Figs 1, 2) . The Ofuku pluton is zoned from its margin to its center, with a gradational transition from tonalite to granite, and belongs to the ilmeniteseries, as shown by low magnetic susceptibility of 0.03 × 10 -3 to 0.6 × 10 -3 SI unit. The main part of the pluton is composed of granodiorite, whereas the margins are dominated by tonalite. Very small bodies of granite and aplite occur within the pluton. Copper mines, such as the Yamato and Sanjo mines, are located in the western part of the pluton (Figs 1, 2; Suzuki, 1932; Ueno & Doi, 1956) . Much of the Akiyoshi Limestone Group in the east of the pluton has been transformed to marble by contact metamorphism, and the Ota Group and the Tsunemori Formation east of the pluton have been converted to hornfels. These features suggest that the Ofuku pluton may have a wider distribution at depth in the area east of the pluton, and at the Yamato mine.
Granite porphyry occurs at Mt. Hanano-yama (elevation 310 m) in the southeastern part of the Akiyoshi Plateau ( Fig. 1 : Japan Mining Industry Association, 1965; Ishihara et al., 1984; Nakano & Ishihara, 2003) . The Hanano-yama granite porphyry is a small body, with a surface area of 800 m × 300 m. The Naganobori mine, which has produced Cu and Co (Ogura, 1921b; Nakamura, 1954) , is situated along the boundary between the granite porphyry and the Akiyoshi Limestone Group. The Hanano-yama granite porphyry has caused extensive contact metamorphism to the surrounding area, which contains multiple mines, such as the Kitabira and Naganobori mines.
Small dikes are present in the area around the Akiyoshi Plateau (Fig. 1) . In particular, a discontinuous plagiophyre dike extends from east to west in the area west of Kaerimizu to Ueyama, forming a topographic depression, since the dike rock is more susceptible to weathering than the host rock. Another dike of doleritic composition occurs in the Akiyoshi Plateau (Sasaki et al., 2014) . The Aokage mine, located in Shuhocho Aokage, Mine City, is a Ag-bearing skarn deposit generated by the intrusion of a Late Cretaceous granite (Cultural Assets Humane Association of Yamaguchi Prefecture, 1982) . A small dioritic dike is also present at Mt. Kyozuka-yama, Akiyoshi, and caused contact metamorphism in the surrounding area.
Yamato mine: The Yamato mine, known as the Ofuku mine until 1940, produced Cu until January1962.
The skarn deposits occur within blocky limestones, which were generated by the replacement of lenticular limestone intercalated within chert and mudstone in the Ota Group, or by fracture-filling hydrothermal veins. The Daido deposit, which is the principal ore occurrence in the skarn, consists mostly of chalcopyrite, with lesser scheelite, galena, and bornite, and also of garnet, hedenbergite, wollastonite, diopside, calcite, epidote, vesuvianite, and quartz in veins (Ueno & Doi, 1956) . Preisingerite (Ohnishi et al., 2007) and philipsburgite (Shirose & Uehara, 2011) were recently found and these are the first occurrences of these minerals in Japan. Nagashima et al. (2016) provided a detailed description of the ore minerals in the mine, and shed light on the Bi-Ag-Co-Ni-As-Sn mineralization.
Sanjo mine: The Sanjo mine is a Cu mine located 2.0 km north of the Yamato mine (Figs 1, 2). The deposit was formed by the replacement of two parallel strata of lenticular limestone intercalated within Ota Group chert. The ore and vein minerals present are similar to those at the Yamato mine, although they underwent supergene alteration. Accordingly, secondary minerals such as chalcocite, azurite, and cuprite are enriched in this deposit, which is characterized by abundant garnet inclusions. The mine was exploited for scheelite for several years from AD 1917 (Suzuki, 1932) .
Fukurei mine: The Fukurei mine is located east of Ofuku, and consists of skarn deposits formed at the contact between limestone and a 20 m-wide granodiorite intrusion, which extends north to east and originates from the Ofuku pluton. Limonite occurs at the surface of the mine (Ogura, 1921a) .
Samples and analytical techniques

Modal mineralogy and whole-rock chemical compositions
Modal mineralogy was determined in thin sections, by counting a grid of more than 3000 points, using the method of Shimura and Kojima (2015) .
Major and trace element (V, Cr, Co, Ni, Cu, Zn, and Pb) concentrations of the samples were determined using a Rigaku RIX 3000 XRF spectrometer at the Center for Instrumental Analysis of Yamaguchi University, Japan. These data for trace elements are used for plots in this study, as their detection limits are lower than those by ICP-MS. The samples were crushed manually in a tungsten carbide mortar, and then pulverized in an agate ball mill for 1 hr. Glass beads were prepared by mixing 0.9 g of sample powder and 4.5 g of a mixed alkali flux (Li 2 B 4 O 7 :LiBO 2 = 7:3) before fusion in an automated bead sampler (Umemoto et al., 2000) .
Trace element (Ga, Ge, As, Rb, Sr, Y, Zr, Nb, Mo, Ag, In, Sn, Sb, Cs, Ba, REE, Hf, Ta, Tl, Bi, Th, and U) concentrations of representative samples were determined by Activation Laboratories of Canada (Code 4B2research), using a Perkin-Elmer Optima 3000 ICP-MS. The FeO content was determined by titration, and Fe 2 O 3 content was calculated from the difference between the total Fe concentration determined by XRF and the FeO content determined by titration. Loss on ignition was determined by the gravimetric method.
Mineral chemistry
Mineral compositions were determined using JEOL JXA-8600 and JXA-8230 electron microprobe analyzers at Yamagata and Yamaguchi Universities, respectively. The operating conditions used were: accelerating voltage of 15 kV, beam current of 20 nA, and beam diameter of 1-5 μm. Wavelength-dispersion spectra were collected with LiF, PET, and TAP crystals to identify interfering elements, and to locate the best wavelengths for background measurements. The standards used electron microprobe analysis are described in Imaoka and Nakashima (1994) ; Boomeri et al. (2010) , and Nagashima et al. (2013 Nagashima et al. ( , 2014 . The measured intensity of Gd Lα 1 was corrected for peak-overlap interference of La Lβ 2 and Ce Lγ 1 according to Roeder (1985) . The microprobe data were processed by an on-line computer using the ZAF correction method. Analytical errors estimated from the reproducibility observed in multiple measurements were ±2% for major elements and ±5% for trace elements.
Magnetic susceptibility
Magnetic susceptibility was mainly measured in the field, using a portable Kappameter KT-5 device (Geofyzika Brno, Czechoslovakia). Additional measurements were also conducted on collected hand specimens in the laboratory. The Kappameter KT-5 has an excellent sensitivity of 0.02 × 10 -3 SI unit. The units of measurement are the commonly used dimensionless SI units (International Standard units), and the 10 -3 SI unit is used as measured values.
K-Ar geochronology
K-Ar dating was performed on hornblende and biotite separates from the Ofuku pluton. The mineral separates were prepared using a magnetic separator and a heavy liquid, following Imaoka et al. (2011) . Biotite purity was better than 99%, with no impurities observed under the microscope. The hornblende concentrates were ≥98% pure. Aliquots of the mineral separates were subsequently pulverized for K analysis. K and Ar were analyzed by isotope dilution at the Okayama University of Science, Okayama, Japan, using a 38 Ar spike in a 15-cm-radius sector-type mass spectrometer with a single collector system, following Nagao et al. (1984) and Itaya et al. (1991) . The K-Ar ages were calculated using the physical constants λ e = 0.581 × 10 -10 /y, λ β = 4.962 × 10 -10 /y, and 40 K/ K = 0.0001167 (Steiger & Jäger, 1977) . Multiple runs of the standard (JG-1 biotite, 91 Ma) gave an error of about 1% at a 2-sigma confidence level (Itaya et al., 1991; Yagi et al., 2015) .
Petrography and mineral chemistry of the Ofuku pluton
Cretaceous to Paleogene granitoids in the Inner Zone of SW Japan show a zonal distribution along the arc, and have been divided into the Ryoke, San-yo, and San-in belts from the Median Tectonic Line towards the Sea of Japan: ( Fig. 1a ; Ishihara, 1971; Murakami, 1974; Imaoka & Iizumi, 2009 ). The Ofuku pluton is located in the Ofuku area of Mine City, SW Japan, and forms part of the San-yo Belt (Fig. 1a ). This ilmenite-series pluton is a small and zoned body composed of tonalite, granodiorite, granite, and aplite. It is semi-circular in shape, with a surface area of 1.5 × 2.0 km (3 km 2 ). In the field, it appears as a tabular sill that has intruded the country rocks as a sheet (Fig. 3a) . The tonalite is located in the northwestern and southwestern margins of the pluton. No sharp contact has been found between the tonalite and the granodiorite, suggesting that both formed by continuous in situ differentiation. The granodiorite extends into the inner part of the pluton (Fig. 2 ). Small granitic bodies were found in the granodiorite, but the intrusive relationship was not clear in the outcrops observed. Small veins or dikes of aplite ranging from several centimeters to tens of centimeters in width occur within the granodiorite.
Xenoliths derived from the country rocks are very rare in the pluton. Very small numbers of mafic magmatic enclaves (MMEs) several centimeters in diameter occur, but no syn-plutonic mafic dikes are present. The MMEs are tonalities composed of plagioclase, hornblende, biotite, quartz, ilmenite, and acicular apatite.
An outcrop photograph taken at a small mining site near the Yamato mine is shown in Fig. 3b . In this outcrop, garnet skarns with abundant metals occur below the chert of the Ota Group. The metallic ores consist mainly of pyrite and pyrrhotite, with small amounts of chalcopyrite, sphalerite, cassiterite, magnetite, and bismuthinite. Some magnetites are replaced by pyrite and pyrrhotite. Mining activity is apparent below the outcrop ( Fig. 3b ), suggesting that this section was rich in ore minerals. The remains of numerous small mining sites can be seen around the Yamato mine.
Tonalite
The tonalite is fine-grained, and has a holocrystalline equiligranular ( Fig. 4a ) or porphyritic texture. Modal compositions fall in the tonalite, granodiorite and quartzmonzonite fields on the modal quartz-K-feldspar-plagioclase ternary diagram (Fig. 5 ). The nomenclature of plutonic rocks follows the IUGS classification of igneous rocks (Streckeisen, 1973) . The felsic minerals are plagioclase (57%-61%), quartz (14%-18%), and K-feldspar (3%-10%), and the mafic minerals are biotite (9%-14%), hornblende (3%-4%), orthopyroxene (0.6%-2.4%), and clinopyroxene (0.4%-0.7%). Ilmenite, apatite, titanite, zircon, and chalcopyrite ( Fig. 4f ) are found as accessory minerals, along with chlorite and sericite as secondary minerals.
Plagioclase (0.5-2 mm) is euhedral-subhedral and has distinct oscillatory zoning from An 40-65 in the core to An 20-30 in the rim (Fig. 6 ). Quartz (~1 mm) and K-feldspar (~2 mm) occur as interstitial grains among the euhedral plagioclase crystals. Perthitic textures were not observed in K-feldspar under the microscope.
Orthopyroxene occurs as long prismatic or short columnar euhedral crystals (1-4 mm) with compositions ranging from Wo 3 E n51 Fs 46 to Wo 2 En 36 Fs 62 (Table 1) . They are often surrounded by hornblende crystals, and their margins are altered to actinolite. Clinopyroxene occurs as euhedral-subhedral crystals (2 mm) with compositions ranging from Wo 45 E n31 Fs 24 to Wo 48 En 31 Fs 21 , often altered to actinolite. The hornblendes form euhedral-subhedral crystals, usually 1 mm in length, with euhedral crystals rarely reaching Cretaceous Ofuku pluton and related mineralization 3 mm in size. The Mg/(Mg + Fe 2+ ) ratios of hornblende ranges from 0.45 to 0.67, with classification mainly as magnesiohornblende, with lesser ferrohornblende, actinolite, and edenite, following the classification of Leake et al. (1997) (Fig. 7) . Biotite (0.5-1.5 mm) is euhedral to anhedral, and has a Mg/(Mg + Fe) ratio of 0.39-0.51 (Fig. 8a ). The biotites contain 2.5-5.3 wt.% TiO 2 (Ti = 0.30-0.63 apfu; Fig. 8b 
Granodiorite
The granodiorite is fine-grained, with a holocrystalline equigranular texture (Fig. 4b) , and is generally coarsergrained than the tonalite. The mineral composition of Ota (1976) and Suzuki (1932) , with the addition of data from this study.
the granodiorite is similar to that of the tonalite, consisting of plagioclase (46%-54%), quartz (24%-35%), K-feldspar (3%-9%), biotite (9%-14%), hornblende (0.05%-2%), orthopyroxene (<2.1%), and clinopyroxene (<2.3%). Ilmenite, apatite, and zircon are accessory minerals, and chlorite and sericite occur as secondary minerals. Plagioclase forms euhedral-subhedral crystals (1-3 mm) that exhibit oscillatory zoning, with An 40-65 in the core and An 30 -40 , in the rim, similar to plagioclase in the tonalites (Fig. 6 ). Quartz (1-2 mm) and K-feldspar (1-2 mm) form interstitial anhedral crystals, occasionally as fine-grained intergrowths.
Orthopyroxene also occurs as euhedral crystals (2-4 mm) with compositions ranging from Wo 2 En 38 Fs 60 to Wo 3 En 46 F s51 . Clinopyroxene forms euhedral crystals (2-4 mm) with a ferroaugite composition of Wo 43 E n27 Fs 30 . Amphibole (~1 mm) is euhedral-subhedral, with Mg/(Mg + Fe 2+ ) ratios of 0.45-0.53. According to the classification of Leake et al. (1997) , the amphiboles are mainly ferrohornblende and magnesiohornblende, with lesser ferroedenite and edenite ( Fig. 7) . Biotite occurs as euhedral-subhedral or anhedral grains (1-2 mm) that fill interstices between euhedral plagioclase crystals, and often contains clinopyroxene and apatite inclusions. The Mg/(Mg + Fe) ratios of biotite range from 0.36 to 0.40, which partly overlap the ratios in the tonalite, but are generally lower (Fig. 8a) . The TiO 2 content of biotite is 3.7-5.1 wt.% (0.42-0.59 apfu), which is at the upper end of TiO 2 in biotite in San-yo Belt Cretaceous plutonic rocks (Imaoka, 1986) (Fig. 8b ; Table 1 ). In both tonalite and granodiorite, the tendency of decreasing Ti (apfu) is accompanied by an increase in Si (apfu). Chlorine and F contents are 0.23-0.84 wt.% and 0.02-0.47 wt.%, respectively. Ilmenite forms euhedral-subhedral crystals (10-20 μm or 100 μm) in close spatial association with hornblende and biotite. The composition of ilmenite varies from Il 85 Hm 5 Py 10 to Il 94 Hm 3 Py 3 (Table 2 ). This range is consistent with the compositions of ilmenite in Cretaceous plutonic rocks in the Inner Zone of SW Japan (Imaoka et al., 1982 (Imaoka et al., , 1985 .
Granite
The granites are characterized by a holocrystalline equigranular texture, and are coarser-grained than the tonalites and the granodiorites (Fig. 4c ). The granites are composed mainly of quartz (36%), plagioclase (36%), K-feldspar (26%), and minor biotite (2%) and hornblende (<1%). Accessory minerals are acicular apatite, zircon, titanite, and ilmenite; secondary minerals are sericite and pyrite. Plagioclase forms euhedral crystals (1-2 mm) with weak normal zoning (An 27 in the cores and An 22 in the rims) ( Fig. 6 ). K-feldspar occurs as subhedral or anhedral crystals (1-2 mm), locally with perthitic textures. Quartz is found as Cretaceous Ofuku pluton and related mineralization subhedral-anhedral crystals (0.5-2.0 mm), often with apatite and zircon inclusions. Biotite (0.5-1.0 mm) and hornblende (0.5-1.0 mm) occur as euhedral-subhedral crystals. Ilmenite is anhedral (<50 μm) and is commonly associated with biotite.
Aplite
The aplites intrude the granodiorite, and have chilled margins adjacent to the country rocks ( Fig. 4d) , with a micrographic texture (Fig. 4e ). The aplite contains anhedral quartz (41%), K-feldspar (38%-42%), plagioclase (16%-19%), and biotite (<1%) ± muscovite. Plagioclase crystals show weak normal zoning (An 21 in the core and An 13 in the rim) and have compositions similar to the plagioclase in the granites (Fig. 6 ). Ilmenite, REE-rich allanite-(Ce), zircon, monazite-(Ce), rutile, bastnäsite-(Ce), thorite, titanite, xenotime, and granular chalcopyrite (50 μm) occur as accessory minerals ( Fig. 4 g-l) . Ilmenite is euhedral-subhedral (<250 μm), and is closely associated with biotite. Allanite is euhedral-subhedral (<500 μm) ( Fig. 4 g, i, j) and contains 1-2 wt.% TiO 2 . Porous zircon is commonly observed ( Fig. 4 h) . The Hf/Zr ratio of zircon reaches 0.11, which is much higher than that of zircon in the tonalite (<0.04), granodiorite (<0.06), and granite (<0.02). Bastnäsite-(Ce) crystals (<50 μm) occur as inclusions in allanite ( Fig. 4j (Table 2) .
Results
Magnetic susceptibility
All of the Ofuku pluton rocks have low measured magnetic susceptibility of 0.03 × 10 -3 to 0.6 × 10 -3 SI unit, indicating magnetite-free values (<3 × 10 -3 SI unit), and thus belong to the ilmenite-series. These data are in accordance with the petrographic observation that the Ofuku pluton lacks magnetite, as described above. Notable differences in magnetic susceptibility are recognized among the four lithologies in the Ofuku pluton. They vary from 0.23-0.41 × 10 -3 SI unit (avg. = 0.31× 10 -3 SI unit, n = 33) for tonalite, through 0.58-0.07 × 10 -3 SI unit (avg. = 0.27× 10 -3 SI unit, n = 41) for granodiorite, 0.29-0.03 × 10 -3 SI unit (avg. = 0.20 × 10 -3 SI unit, n = 10) for granite, to 0.24-0.01× 10 -3 SI unit (avg. = 0.09× 10 -3 SI unit, n = 15) for aplite. These systematic decreases from mafic (intermediate) to felsic rocks are attributable to decreasing contents of paramagnetic minerals having magnetic susceptibility of 10 -2 SI to 10 -4 SI unit, such as pyroxene, hornblende, and biotite in magnetite-free rocks (e.g., Anma, 2003) .
K-Ar geochronology
To constrain the crystallization age of the Ofuku pluton and the associated mineralization, we performed K-Ar Cretaceous Ofuku pluton and related mineralization 
Fe as FeO and Mn as MnO. ‡ Fe 3+ content in amphibole was estimated based on Leake et al. (1997) . 
geochronology studies of hornblende and biotite separates. The results are listed in 
Whole-rock chemical compositions
Representative analyses of the Ofuku pluton are listed in Table 4 . On the total alkali-silica (TAS) diagram of Cox et al. (1979) and Wilson (1989) (Fig. 9 ), the Ofuku rocks show a wide range of Na 2 O + K 2 O contents (i.e., 5.1-6.4 wt.% for the tonalite and granodiorite, 7.8-10.3 wt.% for the granite and aplite), and they fall in the diorite, granodiorite, and granite fields of the subalkaline-rock series. The data forms a linear trend, with the majority occupying the granodiorite field.Harker diagrams for major elements (Fig. 10a) (Fig. 10b ). Gallium content increases slightly from the tonalite to granodiorite as SiO 2 increases, but then decreases from the granite to aplite. The Rb content is low in the tonalite-granodiorite (60-125 ppm) compared with Zircon geothermometry (Watson, 1979) , To = Tonalite, Gd = Granodiorite, Gr = Granite, Ap = Aplite Fig. 9 TAS (total alkalis vs. SiO 2 ) diagram for the Ofuku pluton. The classification is after Cox et al. (1979) and Wilson (1989) . The curved solid line subdivides the alkalic from subalkalic rocks after Miyashiro (1978) .
the granite-aplite (130-280 ppm). Thorium content also shows a similar increasing trend with SiO 2 , reaching about 33 ppm in the aplites. Conversely, Sr, Ba and Zr contents are high in the tonalities and granodiorites, but low in the granites and aplites. Yttrium abundances decrease in the tonalite-granodiorite, but increase in the granite-aplite. As for the major elements, compositional gaps are also observed in V, Sr, and Zr between the tonalite-granodiorite and the granite-aplite.
The concentrations of Cu in the less altered tonalities and granodiorites of the Ofuku pluton vary between 50 and 320 ppm, significantly higher than the average Cu concentration of 5.5 ppm in the ilmenite-series granitoids of the San-yo Belt (Fig.10b ; . Two trends are evident in the SiO 2 -Cu and SiO 2 -Zn diagrams (Fig. 10b) , as shown by broken and dotted lines. The Cu-and Zn-concentration trends shown by the dotted lines show no correlation with Cretaceous Ofuku pluton and related mineralization SiO 2 contents (Fig. 10b) . The average Zn content of ilmenite-series granitoids in the San-yo Belt is 47.0 ppm ( Fig. 10b ; . However, many of the tonalities and granodiorites have higher Zn contents than the San-yo average, whereas many of the granites and aplites have lower Zn contents. The average Pb content of San-yo granitoids is 21.1 ppm . Many of the Ofuku tonalite and granodiorites have lower Pb values than this average, whereas many of the granites and aplites have higher Pb values than the average. Chondrite-normalized REE patterns of the Ofuku rocks (Fig. 11a, b) are LREE-enriched, showing depletion in middle REEs (MREEs: Gd to Ho) and heavy REEs (HREEs: Er to Lu). The (La/Yb) N ratios increase systematically from 6.6 to 7.3 in the tonalites, 9.6 to 24.7 in the granodiorites, and 22.4 in the single granite analyzed. The aplites have lower (La/Yb) N ratios (6.4-9.9) than the granite. The tonalites, granodiorites, and granite generally have negative Eu anomalies (Eu/Eu* = 0.6-0.8). One granodiorite sample, however, has a small positive Eu anomaly (Eu/ Eu* = 1.1), suggesting accumulation of plagioclase at the margin of the magma chamber. The aplites exhibit strong negative Eu anomalies (Eu/Eu* = 0.1-0.4), characteristic of a "seagull" pattern ( Fig. 11b) .
A N-MORB-normalized multielement diagram (Sun & McDonough, 1989; Pearce & Parkinson, 1993 ( Fig. 10c) shows that the absolute abundances of trace elements are highly variable. However, the analyzed samples are characterized by Th, K, and Pb enrichment, and marked depletion in HFSEs (high-field strength elements) such as Nb, Ta, P, Ti, HREEs and Y, consistent with the characteristics of subductionrelated magmas.
Fluid inclusions
Fluid inclusions in quartz of representative samples from the Ofuku pluton (2 tonalites, 1 granodiorite, 3 granites, and 2 aplites) and two ores samples from the Ofuku mine were examined to reveal the cause of mineralization. An example photomicrograph of three-phase inclusions from granodiorite from the Ofuku pluton is shown in Fig. 12a . All granodiorite samples and one tonalite contain many three-phase inclusions, along with daughter minerals such as NaCl and KCl. The volume ratios of vapor to liquid (V/L) vary from 0.2 to 0.9, suggesting that the fluid was boiling (Roedder, 1984; Sawaki, 2003) . The second tonalite sample contains small two-phase secondary inclusions with low V/L ratios, rarely accompanied by inclusions with high V/L ratios. Fig. 11 Chondrite-normalized REE patterns and N-type-MORB normalized multi-element diagrams for the Ofuku pluton. The chondrite values are from Anders and Grevesse (1989) . N-type MORB values are from Sun and McDonough (1989) , and Pearce & Parkinson (1993) .
On the other hand, the granites and aplites contain small two-phase (vapor and liquid) fluid inclusions with low V/L ratios, and rare three-phase inclusions containing NaCl. The secondary inclusions are dominant. Fluid inclusions are abundant in hornblende, with NaCl as a daughter mineral, as revealed by qualitative electron microprobe analysis.
A photomicrograph of three-phase fluid inclusions in the ores from the Yamato mine is shown in Fig. 12b . Many three-phase inclusions in quartz are large (>30 μm) and have KCl as a daughter mineral, suggesting that the hydrothermal activity in the Ofuku pluton was intense, caused by a hydrothermal fluid with high salinity.
Discussion
In this section we discuss the petrogenesis of the Ofuku pluton, the K-Ar ages and their implications, and the relationship between granitic magmatism and mineralization in the area, based on field, petrographic, geochemical, geochronological, and fluid inclusion data.
Petrogenesis of the Ofuku pluton
The most important geological, petrographic, and geochemical observations on the Ofuku pluton from this study are summarized below. 1 The Ofuku pluton is a small, zoned ilmenite-series pluton that consists of tonalite, granodiorite, granite, and aplite (Fig. 2) . The constituent rocks in this pluton are fineto medium grained (~4 mm), and porphyritic. 2 Except for the aplite, no intrusive relationships were observed among the igneous rocks consisting of the pluton. The aplite intrudes the granodiorite and has a chilled margin (Fig. 4d ) 3 Xenoliths derived from the country rocks are very rare in the pluton. 4 Very small numbers of MMEs are found in the pluton, and syn-plutonic mafic dikes are absent. 5 The K-Ar ages of hornblende and biotite from the tonalite and granodiorite range from 97 to 101 Ma (Table 3) . 6 The SiO 2 content of the rocks in the Ofuku pluton ranges from 61.0 to 78.2 wt.% (anhydrous basis). Although a small compositional gap exists between the granodiorite and the granite (ca. 4 wt. % SiO 2 ), a continuous compositional change from the tonalite to the granodiorite is observed. Al 2 O 3 , MnO, and MgO also show curved trends on Harker diagrams (Fig. 10a) . 7 There are many similarities in the mineral compositions between the tonalite and the granodiorite, as well as the granite and the aplite (Table 1 and 2). For example, both the tonalite and granodiorite contain plagioclase with internal zoning and of similar composition, although their zoning patterns and compositions differ from those of plagioclase in the granite and the aplite (Fig. 6 ). Observation (3) suggests that assimilation is an unlikely mechanism in the formation of the pluton. Observation (4) suggests that magma mixing/ mingling and mafic recharge may have played some role in the petrogenesis of the Ofuku pluton, but were unlikely to be the major factor. Furthermore, it is difficult to explain the curved compositional trends of Al 2 O 3 , MnO, and MgO in the Harker diagrams ( Fig. 10a ) by magma mixing. On the other hand, fractional crystallization can explain the curved compositional trend, and is considered to be the dominant process in the magmatic evolution of the Ofuku pluton. It is reasonable that the tonalite, granodiorite, granite, and aplite in the pluton formed by fractional crystallization of a parental tonalitic magma. Observations 1, 2, and 7 suggest that fractional crystallization occurred during cooling of the pluton from the margin toward the center, after the intrusion of a sheet of tonalitic magma which differentiated in situ from a tonalitic to a granodioritic composition. The finegrained and porphyritic nature (observation 1) of this pluton suggests emplacement into a shallow level of the crust. The pressure at the time of emplacement of the Ofuku pluton is estimated to be 50 to 100 MPa, using the corrected normative Q, Ab and Or components in the magma from samples with <1% normative C (Blundy & Cashman, 2001) (Fig. 13) . Geothermometry by zircon saturation (Watson, 1979) yields a temperature of 750 to 790°C for the granodiorite, and 700 to 760°C for the granite and aplite (Table 4 ).
Fractional crystallization
We inferred above that fractional crystallization was the dominant process controlling chemical variation in the Ofuku pluton. We here present quantitative models of fractional crystallization based on mass balance calculations (Bryan et al., 1969) and the Rayleigh fractionation model using major and trace element data for all crystalline phases. For the calculations, six magmatic components were determined (Table 5) , based on the points of compositional variation in the Harker diagrams ( Fig. 10) Table 6 . All of the SSR (sum of squared residuals) values are low (<0.3), and the calculated assemblages of fractionated minerals are concordant with petrographic features. Fractional crystallization on the main constituent minerals can thus almost fully explain the chemical variation of major elements in the Ofuku pluton. In addition to the main constituent minerals, accessory minerals may also contribute to fractional crystallization in the Ofuku pluton. For example, the SiO 2 -Zr diagram (Fig. 10b ) suggests that fractionation of zircons occurred during the crystallization from granodiorite to granite and aplite (Gd2-Gd3, Gd3-Gr and Gd3-Ap). The proportion of fractionated zircons is shown in Table 6 , which is calculated based on the assumption that the Zr variation is only derived from zircon fractionation, while considering the mass balance of the fractionated main constituent minerals.
Next then checked the consistency of the fractional crystallization model for REEs, as representative trace elements. This test is based on calculations of the Rayleigh fractional crystallization, using the ICP-MS REE data, fractional proportions determined by the mass balance calculations, and the mineral/melt partition coefficients shown in Supplementary Data Table S1. The mineral partition coefficients were selected from the GERM Partition Coefficient (Kd) Database (http://earthref.org/KDD/), considering the magmatic compositions, i.e. data for To-Gd1: andesite or tonalite; data for Gd1-Gd2 and Gd2-Gd3: dacite (we had to use data for ilmenite from rhyolite, because there was none available for dacite): data for Gd3-Gr: rhyolite or granite, except apatite (Yb, minimum value) and zircon (Lu, minimum value) from dacite; data for Gd3-Ap: high-silica rhyolite, except quartz, hornblende and apatite for dacite, rhyolite or granite. The wholerock partition coefficients (Supplementary Data Table S1 ) are calculated with the proportions of fractionated minerals shown in Table 6 . The results of calculations are expressed as REE patterns compared with analyzed samples (Fig. 14) . Although there are slight inconsistencies between the analyzed samples and calculated values, the overall patterns between the two are similar (Fig. 14) . In addition, the results explain why the LREE/HREE ratios increase as the fractionational crystallization proceeds (Fig. 11a ), because the calculation indicates effective fractionation of hornblende, which affects whole-rock partition coefficients for HREEs (Supplementary Data Table S1 ). The fractional crystallization model can thus be applied to the REE data of the Ofuku pluton. Some of the inconsistencies between the analyzed and calculated values may be caused by uncertainties of the model (e.g., proportions of fractionated minerals, fraction of accessory minerals that are not calculated, and mineral partition coefficients) and/or secondary effects of hydrothermal activity. In Fig. 11b , the aplite shows variable REE patterns ranging from relatively low-to high-REE contents, which implies that the aplite was fractionated from the granodiorite with different degrees of crystallization. From the above examination, it is reasonable that the chemical variation in the Ofuku pluton was mainly controlled by the fractional crystallization process as shown in Fig. 15 
Cretaceous Ofuku pluton and related mineralization
This fractional crystallization model can explain almost all the chemical variation in the Ofuku pluton, but there are other compositional trends unrelated to the fractional crystallization, such as in the SiO 2 -Cu and SiO 2 -Zn diagrams (Fig. 10b ). The trends of Cuand Zn-concentrations show almost no correlation with SiO 2 contents. This implies that concentrations of Cu and Zn were not derived from the fractional crystallization process, but are related to the hydrothermal activity.
Based on the seven key observations listed above and the mass balance calculations, we propose that the process of melt extraction from mush (e.g., Bachmann & Bergantz, 2004; Hildreth, 2004; Bohrson et al., 2006; Imaoka et al., 2014) played an important role in this pluton. Both the compositional gap (ca. 4 wt. % SiO 2 ) between granodiorite and granite ( Fig. 10) and the low-An content of plagioclase in the granite (Fig. 6 ) imply that the granite was derived from extraction of residual melts from mush-like granodioritic magmas (fractional crystallization in a broad sense) in the crystallization process, because the crystal-liquid separation could produce the compositional gap between the granodiorite and the granite. Such a compositional gap generated by crystal-liquid separation is known elsewhere (Dufek & Bachmann, 2010) . The aplite has a wide chemical range, from compositions similar to the granite to high-silica aplites enriched in incompatible elements ( Fig. 10 and Fig. 11b ), and contains low-An plagioclase phenocrysts (Fig. 6) . These features imply that the aplite is also derived from diverse melts extracted from granodioritic mushes with various degrees of crystallization, and the extracted melt subsequently intruded into the northern and western parts of the Ofuku pluton as a melt lens to form the granite and aplite.
Implications of the estimated K-Ar ages of the Ofuku pluton
Formation of granitoids in the San-yo Belt is divided into three stages, namely the Kanmon stage (110-100 Ma), the Shunan stage (100-90 Ma) and the Table 6 Results of the mass balance calculations with the proportion of fractionated minerals. †: shown in Table 5 . ‡: calculated based on an assumption that the Zr variation is only derived from zircon fractionation with considering the mass balance of all fractionated minerals
To-Gd1
Gd1-Gd2 Gd2-Gd3 Gd3-Gr Gd3-Ap (Shibata & Ishihara, 1974) . Muscovite separates from the Cu (Pb-Zn) skarns at the Kuga and Kiwada mines yielded ages of 94.0 ± 2.9 and 96.6 ± 2.9 Ma, and 101.6 ± 5.0 Ma, respectively (Watanabe et al., 1988) . Therefore, the Ofuku pluton associated with the Yamato mine belongs to the Tungsten Province of the San-yo Belt, which is genetically related to granitoids of the ilmenite-series. This conclusion is also supported by the mineralogical characteristics and mineralization process observed at the Yamato mine (Nagashima et al., 2016) ; i.e., similar skarn-and vein-type ore deposits related to the ilmenite-series granitoids in the San-yo Belt of SW Japan.
Relationship between the Ofuku pluton and mineralization
The Yamato, Fukurei, and Sanjo mines are located in and around the Ofuku pluton. A geological map around the Yamato mine (Fig. 3) shows that a tabular sill of the Ofuku pluton intrudes the country rock. Based on the features and distribution of contact metamorphism caused by the pluton, the pluton probably underlies the Yamato mine. In the Fukurei mine, the granodiorite of the Ofuku pluton is located at the contact with the deposit (Ogura, 1921a) . Small mining sites are also found around the Yamato mine, and these contain similar skarn minerals to the Yamato and Sanjo mines. These observations are consistent with a close Calculated patterns indicate the range between the lower and the upper limits. The lower limits were calculated with maximum values of whole-rock partition coefficients, and the upper limits with minimum values. †: cited from Anders and Grevesse (1989) .
relationship between the Ofuku pluton and the ore deposits that occur around it, as proposed by Ogura (1921a) and Suzuki (1932) . In addition, Cu and Zn abundances in the Ofuku pluton are higher than the average concentration in less altered ilmenite-series granitoids in the San-yo Belt , also indicating a genetic link between the Ofuku pluton and the mineralization. Apatites enriched in Cl and F occur in the Ofuku pluton (Table 2) . REE-rich monazite-(Ce), allanite-(Ce), xenotime, and bastnäsite-(Ce) also occur in the aplite (Fig. 4; Table 2 ). This suggests that halogens (e.g., Cl and F) and the REEs were significantly enriched in the residual melt and fluids after the crystallization of the Ofuku granites. Until recently, hydrothermal transport of the REE in fluorine-bearing ore-forming systems has generally assumed to occur mainly due to the formation of REE-fluoride complexes (e.g., Smith & Henderson, 2000; Williams-Jones et al., 2012) . However, the transportation of REE in magmas and fluids with respect to ligands (fluorine, chlorine, etc) is now hotly debated (e.g., Migdisov & Williams-Jones, 2014 , and references therein). Porous zircon (Fig. 4 h) is formed by reaction with an alkali liquid (Geisler et al., 2007; Grimes et al., 2009) . The existence of the porous zircon in the Ofuku pluton thus suggests that hydrothermal activity involving an alkali-rich fluid took place. The occurrence of the above minerals shows that a fluid enriched with halogens, REEs, and alkalis may have been present from the late magmatic to the hydrothermal stage, and the fluid may have reacted with solidified granite and aplite.
Fluid inclusions are closed systems, and hence the temperature, chemical composition, origin, and evolution of the fluid that formed them can be determined (Roedder, 1977 (Roedder, , 1984 Haynes & Kesler, 1987; Wilkinson & Johnston, 1996; Hedenquist et al., 1998; Sawaki, 2003) . A close relationship exists between the ore deposit and the fluid inclusions, as well as a correlation between the abundance of fluid inclusions and certain mineralized zones (e.g., Roedder, 1971; Imai et al., 1971; Takenouchi & Imai, 1975; Shoji et al., 1979; Rankin & Alderton, 1983) . The preliminary study of Sasaki et al. (2014) showed that the Hanano-yama granite porphyry associated with the Naganobori mine ( Fig. 1 ) contains many twophase fluid inclusions with variable V/L ratios, as well as three-phase inclusions, whereas plagiophyre dikes that are not associated with any known deposits in the Akiyoshi Plateau contain fewer fluid inclusions, and three-phase inclusions are very rare. As described above, one tonalite sample and the granodiorites examined contain many three-phase inclusions, along with daughter minerals such as NaCl and KCl. The V/L ratios range from 0.2 to 0.9, suggesting that the fluid was boiling, whereas granite-aplite contains low salinity two-phase inclusions with low V/L ratios. The tonalite and granite-aplite are of restricted areal extent, and therefore might not be related to the formation of the Ofuku mine. However, the granodiorites occupy a large part of the pluton, and the mineralization is thus hence more likely to be related to this lithotype. The field occurrence of granodiorite around the Fukurei mine (Ogura, 1921a) also indicates that the granodiorite played an important role in the formation of the Ofuku mineralization.
Chloride complexes contribute to the concentration of metals in hydrothermal fluids. The discussion that follows focuses on the salinity as well as the abundance of fluid inclusions. Fig. 16 shows a temperaturepressure equilibrium diagram of the NaCl-H 2 O system (Muntean & Einaudi, 2001) , including the solidus of haplogranite. The pressure at the time of emplacement of the Ofuku pluton ranged from 50 to 100 MPa, whereas the temperature is estimated to have been 700 to 790°C, based on zircon geothermometry. As the magma ascends to a shallower depth, it and the included fluid phases cross the critical-point curve and enter the V + L domain. When a single liquid inclusion intersects with a critical-point curve, it starts to boil and creates a gas phase, forming a two-phase inclusion of gas and liquid. As the liquid boils, the salinity of the liquid phase increases, generating the solid phase and forming a three-phase inclusion at room temperature. Because both the two-phase gas-liquid inclusions with differing V/L ratios and three-phase inclusions with daughter crystals occur in the Ofuku pluton, a high-salinity fluid (up to ca. 50 wt%) was generated by boiling. Metal sulfides (MeS) are easily deposited from chloride complexes in hydrothermal solutions (Burnham, 1979) :
Some base metals such as Cu, Pb and Zn are largely partitioned into the fluid phase from the melt in the case where chlorite concentration is high (Kilinc & Burnham, 1972; Shinohara et al., 1984; Urabe, 1985) .
Sulfur may be dissolved principally as HSin a hydrous magma, and exists in the aqueous phase as H 2 S and SO 2 , as the partition coefficients are sensitive to H 2 O and O 2 fugacity (Burnham, 1979) . The magnetic property of the Ofuku pluton is a reduced ilmeniteseries type. Sulfur in a reduced magma is kept in the silicate melt, whereas that in an oxidized magma escapes to the aqueous phase (Ishihara, 1981) . Once a fluid phase escapes from a late-stage magma, sulfur is released mainly as H 2 S in the reduced conditions, and this accelerates the transport of base metals as in the above reaction. Heinrich et al. (1992) found high concentrations of Cu in vapor phase inclusions within quartz-cassiterite veins in the Mole granite of Australia, using PIXE microanalysis. Nagaseki and Hayashi (2008) determined vapor-liquid partitioning coefficients for Cu and Zn in aqueous fluid under boiling conditions at 400-650°C and 35-100 MPa, and found that Cu preferentially partitions into the vapor phase, whereas in sulfurbearing systems Zn is preferentially fractionated into the hypersaline liquid. The fluid inclusions of the reduced Ofuku pluton show evidence of boiling, and taking these experiments into consideration, there is a genuine possibility that significant amounts of Cu were partitioned into the vapor phase in this pluton. This explains why the Ofuku pluton is accompanied by peripheral Cu deposits.
